The last few decades have been characterized by an increase in the frequency and burned area of forest fires in many countries of the world. Needles, foliage, branches, and herbaceous plants are involved in burning during forest fires. Most forest fires are surface ones. The purpose of this study was to develop a mathematical model of heat transfer in an element of combustible plant material, namely, in the stem of a herbaceous plant, when exposed to radiation from a surface forest fire. Mathematically, the process of heat transfer in an element of combustible plant material was described by a system of non-stationary partial differential equations with corresponding initial and boundary conditions. The finite difference method was used to solve this system of equations in combination with a locally one-dimensional method for solving multidimensional tasks of mathematical physics. Temperature distributions were obtained as a result of modeling in a structurally inhomogeneous stem of a herbaceous plant for various scenarios of the impact of a forest fire. The results can be used to develop new systems for forest fire forecasting and their environmental impact prediction.
Introduction
During surface forest fires, various forest fuels and combustible plant materials are involved in combustion processes [1] , including herbaceous plants [2] . Such plants have a different structure. Herbaceous plants belonging to grass species often grow in forested areas. Various morphological parts (elements) can be marked out in the structure of such plants: stem, spikelet, leaf blade. This paper discusses the stem of a herbaceous plant [3] . A surface forest fire was chosen to act on the stem of the herbaceous plant [4] , since most forest fires are surface forest fires. The overwhelming majority of crown forest fires develop from surface fires [5] . The processes of heat transfer in the combustible plant material play an important role in the ignition of these fires, as well as the propagation of the forest fire line over a layer of combustible plant material.
It should be noted that it is important to understand the process of heat transfer in vegetable fuel material because it affects the mass transfer in vegetable fuel material, and also causes many processes associated with the occurrence of a forest fire or grassland fire. The fires themselves play different roles in the formation and functioning of grasslands and forest stands. Fires can affect the near-surface soil layer, causing changes in the functioning of microbial communities and the chemical composition of the soil and causing water soil erosion [6] [7] [8] [9] . On the other hand, during the combustion of combustible plant materials, large amounts of various gaseous substances are released into the atmosphere, including those that lead to the greenhouse effect and climate change on the planet [10, 11] . Measurements using ground-based tools, aircraft, and balloons have shown that, as a result of natural fires, carbon dioxide, carbon monoxide, and methane emissions, as well as small particles of black carbon, occur in large volumes. These measurements showed that emission factors for forest and grassland fires are different by a factor of two. An understanding of the processes of heat transfer in the structure of combustible plant material is obviously necessary. In addition, mathematical models of heat transfer in vegetative fuel can be used in conjunction with information obtained from satellite systems [12] . The abovementioned aspects of forest fire danger determines the following research objective.
The purpose of the study was to develop a mathematical model of heat transfer in an element of combustible plant material, namely, in the stem of a herbaceous plant, when exposed to radiation from a surface forest fire. This mathematical model aimed to construct program instruments in GIS-systems to predict forest fire danger and fuel management.
Background
A forest fire is a spontaneous, uncontrollable spread of fire over forest areas [13] . The causes of fires in the forest can be divided into natural and man-made [14] . The most common natural causes of large forest fires on Earth are thunderstorms [15] . In young forests, in which there is a lot of greenery, the probability of fire from lightning is significantly lower than in aged forests, where there are many dry and diseased trees [16] . The ecological role of forest fires was formerly the natural renewal of forests [17] . However, in recent decades, forest fires have gone from being a natural regulatory factor to a catastrophic phenomenon [18] . Sometimes fires are caused artificially. Such fires are called prescribed [19] . The goal of prescribed fires is the destruction of fire-hazardous combustible materials, the removal of logging waste, the preparation of planting sites for seedlings, the fight against insects and forest diseases, etc.
Depending on where the fire spreads, fires are divided into surface, crown, and soil fires [4] . Surface fire is a significant disturbance factor in forests. Forest litter, lichens, mosses, grasses, and fallen branches burn during surface fires. The speed of fire movement in the wind is 0.25-5 km/h. The height of the flames is up to 2.5 m. The burning temperature is about 700 • C (sometimes higher).
Base fires are fluent and steady [4, 17] : A fluent surface fire burns the upper part of the ground cover, undergrowth, and underbrush. Such a fire spreads with great speed, bypassing places with high humidity, so parts of the area remain unaffected by fire. Fluent fires mainly occur in the spring, when only the topmost layer of small combustible materials dries out.
Steady surface fires spread slowly, with the living and dead ground cover completely burning out, the roots and bark of the trees burning very strongly, and the undergrowth and undergrowth burning down completely. Steady surface fires occur predominantly from mid-summer onwards.
A forest area is a significant integral forest territory, having natural borders (rivers, lakes, hills, separate parts of mountainous terrain) or bordering on a large distance with other lands (fields, meadows) or populated areas. A forest may have conditional boundaries, depending on the purpose of the forest, its proximity to transport routes, and points of removal and consumption. Its area may range from several hundred to several thousand hectares [20, 21] .
Depending on the biological characteristics of the most important plants, their age, and certain physiographic conditions in the forest, several tiers of plants develop. Longlines are fairly well-defined horizons of concentration of the active organs of plants. Longlines can be formed by one or two or more species [4] . Grass or grass-shrub tier can be marked out in the forest stand.
The processes of physicochemical reaction are due to heat transfer in the combustible plant material. One of the stages of ignition of combustible materials is their thermal decomposition (pyrolysis). From the point of view of the development of new mathematical models of forest fuel ignition, a simplified model of the pyrolysis of a polymeric material with regard to the transport of volatile compounds is of interest [22] . It should be noted that the problem of gasification of solids has been widely described in the literature, for example, in the review by Di Blasi [23] . The simplest approach to this problem implies that a solid decomposes with the release of volatile compounds directly at a critical temperature [22] . Accordingly, the critical temperature is a task parameter. This approach (often called the ablative model) is mathematically analogous to the problem of Stefan [24] , fire [47] . In addition, the moisture content of the combustible plant material influences the effective thermophysical characteristics of the material, causing differences in the processes of pre-heating the combustible plant material [48] .
It should also be noted that, to date, various approaches have been used to predict the spread of fire over grassland. For example, empirical [49] , physically based [50] , and statistical [51] methods are known. It is important to understand the range of values in which the density of the radiant heat flux in grassland fires falls. In Reference [52] , it was found that in the front of a grassland fire, the radiant heat flux density was about 26-45 kW/m 2 . This was in close proximity to the burning zone. It should be borne in mind that the density of the incident radiant heat flux on the element of combustible material will depend on the distance from the fire front to the herbaceous plant.
Study Area and Object
The study was conducted in the Gilbirinskiy forestland (Ivolginskiy district of the Republic of Buryatia, Figure 1 ) in a protected natural area. The study area is located between latitudes 51 • 35 50 N and 51 • 46 40 N and longitudes 106 • 42 E and 107 • 02 E [53] . This area is 55 km southeast of Lake Baikal, and belongs to the northern tip of the Selenga middle mountain (Figure 1 ). The area of the forestland is about 270 km 2 [54] . The forestland was divided into 126 forest areas. The forest quarter is a part of the forestland and it has permanent boundaries. The forest quarter is the main accounting unit of the forest fund in the Russian Federation.
The study region, like the whole of Buryatia, has a sharply continental climate, with cold winters and hot summers. The average temperature in summer is about +18.5 • C, in winter is about −22 • C, and the average annual temperature is about −1.6 • C. The average annual rainfall is 244 mm. A significant feature of the climate is the long duration of sunshine for 1900-2200 hours per year [55] .
About 90% of the territory is occupied by natural plantations. There are types of glades, slopes, pebbles, forest cultures, arable land, pastures, etc. The main forest-forming species are larch, pine, cedar, birch, and aspen [56] . the spread of fire [47] . In addition, the moisture content of the combustible plant material influences the effective thermophysical characteristics of the material, causing differences in the processes of pre-heating the combustible plant material [48] . It should also be noted that, to date, various approaches have been used to predict the spread of fire over grassland. For example, empirical [49] , physically based [50] , and statistical [51] methods are known. It is important to understand the range of values in which the density of the radiant heat flux in grassland fires falls. In Reference [52] , it was found that in the front of a grassland fire, the radiant heat flux density was about 26-45 kW/m 2 . This was in close proximity to the burning zone. It should be borne in mind that the density of the incident radiant heat flux on the element of combustible material will depend on the distance from the fire front to the herbaceous plant.
The study was conducted in the Gilbirinskiy forestland (Ivolginskiy district of the Republic of Buryatia, Figure 1 ) in a protected natural area. The study area is located between latitudes 51°35′50″ N and 51°46′40″ N and longitudes 106°42′ E and 107°02′ E [53] . This area is 55 km southeast of Lake Baikal, and belongs to the northern tip of the Selenga middle mountain (Figure 1 ). The area of the forestland is about 270 km 2 [54] . The forestland was divided into 126 forest areas. The forest quarter is a part of the forestland and it has permanent boundaries. The forest quarter is the main accounting unit of the forest fund in the Russian Federation.
The study region, like the whole of Buryatia, has a sharply continental climate, with cold winters and hot summers. The average temperature in summer is about +18.5 °C, in winter is about −22 °C, and the average annual temperature is about −1.6 °C. The average annual rainfall is 244 mm. A significant feature of the climate is the long duration of sunshine for 1900-2200 hours per year [55] .
About 90% of the territory is occupied by natural plantations. There are types of glades, slopes, pebbles, forest cultures, arable land, pastures, etc. The main forest-forming species are larch, pine, cedar, birch, and aspen [56] . The main functions of forests located in water protection zones are to prevent pollution, clogging, siltation of water bodies, and depletion of their waters, as well as to preserve the habitat of aquatic biological resources and other objects of the animal and plant world.
The use of forests for agriculture can include use for haying, grazing of farm animals, honey bearing plants and grasses, growing crops, etc. Figure 2 shows images of the typical elements of combustible plant material: the stem and leaf blades. A joint in the center can be seen on the stem. The main functions of forests located in water protection zones are to prevent pollution, clogging, siltation of water bodies, and depletion of their waters, as well as to preserve the habitat of aquatic biological resources and other objects of the animal and plant world.
The use of forests for agriculture can include use for haying, grazing of farm animals, honey bearing plants and grasses, growing crops, etc. Figure 2 shows images of the typical elements of combustible plant material: the stem and leaf blades. A joint in the center can be seen on the stem. As a prototype for building a geometric model, a stem of grass was used. The stem was partially brown and dried. The material was collected in the Gilbirinskiy forestland of the Republic of Buryatia in the spring of 2018.
Physical Model
The following physical model of heat transfer in combustible plant material was considered. A herbaceous plant grows in some forested area. A single element is considered, namely, the stem. Near the plant, there is an active surface forest fire. A radiant heat flux acts from the forest fire line on the element of the combustible plant material. Inert heating of the element of combustible plant material occurs. When the temperature rises, thermal decomposition of the dry organic matter of the combustible plant material occurs.
The following assumptions were applied to the physical model:
(1) The spring season of the fire season is considered and the grass is dried.
(2) The catastrophic scenario of forest fire danger is considered when moisture in the forest fuel material is absent. As a prototype for building a geometric model, a stem of grass was used. The stem was partially brown and dried. The material was collected in the Gilbirinskiy forestland of the Republic of Buryatia in the spring of 2018.
(2) The catastrophic scenario of forest fire danger is considered when moisture in the forest fuel material is absent. Figure 3 shows the geometry of the solution area, where 1 is the cavity, 2 is the pulp, and 3 is the protective skin.
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The initial conditions:
The boundary conditions: Mathematically, heat transfer in the layered structure of the stem is described by a non-stationary heat conduction equation with the corresponding initial and boundary conditions:
The boundary conditions:
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where T i , ρ i , c i , λ i -temperature, density, heat capacity, and thermal conductivity of the stem layers (1-cavity, 2-pulp, 3-protective skin); r, z-spatial coordinates; t is the time coordinate; and q ff is the radiant heat flux from the forest fire line. The finite difference method was used to solve the formulated system of equations. Difference analogues of differential equations were solved by the marched method. Two-dimensional partial differential equations were solved by the locally one-dimensional method [32, 33] .
Mathematical Model of Heat Transfer with the Joint
The geometry of the solution area is shown in Figure 4 .
where Ti, ρi, ci, λi-temperature, density, heat capacity, and thermal conductivity of the stem layers (1-cavity, 2-pulp, 3-protective skin); r, z-spatial coordinates; t is the time coordinate; and qff is the radiant heat flux from the forest fire line. The finite difference method was used to solve the formulated system of equations. Difference analogues of differential equations were solved by the marched method. Two-dimensional partial differential equations were solved by the locally onedimensional method [32, 33] .
The geometry of the solution area is shown in Figure 4 . Mathematically, the process of heat transfer in an element of combustible plant material is described by a system of non-stationary nonlinear differential equations in partial derivatives, with corresponding initial and boundary conditions. Below is a mathematical model of heat transfer in the element of combustible plant material when exposed to radiation from a forest fire: 
where T i , ρ i , c i , λ i -temperature, density, heat capacity, and thermal conductivity of the stem layers (1-pulp, 2-protective skin, 3-growth on the site of stem articulation, 4-air); r, z-spatial coordinates; t is the time coordinate; and q ff is the radiant heat flux from the forest fire line. The finite difference method was used to solve the formulated system of equations. Difference analogues of differential equations were solved by the marched method. Two-dimensional partial differential equations were solved by the locally one-dimensional method [58, 59] .
Results and Discussion
The main scenarios of the surface forest fire impact on the element of combustible plant material were developed to carry out computational experiments. Descriptions of the main scenarios are given in Tables A1-A6. An analysis of the results presented in Figures A1-A14 showed that a low temperature field was formed in the central part of the stem near the soil. This was due to the lower temperature of the soil relative to the layer of vegetation and the ambient air temperature. In turn, the radiant heat flux from the forest fire line affected the side surface and it warmed up more intensely in comparison with the central part of the stem. Over time, the depth of heat penetration increased. It is also logical that at higher heat fluxes, a higher temperature was observed along the layers of the stem of the herbaceous plant. It should be noted that the hollow structure of the stem is characteristic of many herbaceous plants. Moisture is transported in the pulp, which is located between the cavity and the protective skin of the stem. In the simulation scenarios, a single soil temperature was used around the stem of a herbaceous plant. This allowed us to carry out a parametric study of the mathematical model by varying the structural characteristics of the stem and the parameters of the external influence of a forest fire. In the future, the effect of soil temperature during the day and season on the conditions of heat distribution in the stem under the influence of a forest fire should be assessed.
It should also be noted that in addition to the values used for the thermophysical characteristics of dry organic matter, other close quantitative values were used for other combustible plant materials. Computational experiments showed that there were no significant differences in heat transfer for various herbaceous plants in a dry state. It is important to understand that in the vegetative state, the moisture content of various herbaceous plants may differ significantly. This question requires a separate study in conjunction with the development of mathematical models of moisture transport in the stems of herbaceous plants, as well as the evaporation of free and bound moisture from an element of combustible plant material when exposed to radiation from a forest fire. It should also be noted that this article has discussed monolithic structure of the layers in the stem of a herbaceous plant. This assumption has been used for both the pulp and the protective skin of the joint. In a real situation, a developed porous structure is characteristic of these parts of the stem, which is especially important when considering the pulp of the stem. This has been shown by studies of the stem of a herbaceous plant under a microscope [60] .
The size of a herbaceous plant (stem diameter) has an effect on the temperature distribution inside the stem structure. As the analysis of the results showed, the thicker the stem of a herbaceous plant was, the thicker the protective skin was on the outer part of the stem. The thermal conductivity of this layer was less compared with other layers of the stem. Radiant energy did not have time to penetrate into the stem and the surface layer of the stem was heated. This caused a temperature increase in this zone for a thicker stem of a herbaceous plant. It is safe to extrapolate the results obtained in this work to other species of herbaceous plants, both forest and agricultural. The exposure time affected the temperature distribution in the layered structure of the stem of a herbaceous plant. In a sense, exposure time and heat flux density characterize the location and speed of the forest fire line spread or an agricultural fire spread. Figures A15-A28 show the results, the analysis of which allowed us to conclude that if a joint is located on the stem of a herbaceous plant, the temperature distributions become substantially non-uniform. This heterogeneity will be mainly due to structural heterogeneity. In the case of a fragment of the stem (solution region) being located above the soil layer, the heat transfer in the layered structure of the stem was not affected by the soil temperature at this height. However, in this variant there was a structural difference. There was no air cavity inside the stem, which somewhat changed the temperature distribution in this zone. This part was in this case occupied by the pulp. The main temperature changes occurred in the joint and the protective skin of the stem. The values of heat flux density and exposure time of radiation from a forest fire varied. The joint had a significant effect on the temperature distribution in the structurally inhomogeneous fragment of the stem of a herbaceous plant.
A forest fire is a multistep process in which the following stages can be marked out [4, 61] : inert heating, evaporation of moisture, pyrolysis of dry organic matter, flammable combustion of gaseous combustible products of pyrolysis, and burning of coke residue. The initiation of a forest fire is due to the first three stages. All three stages, in turn, are due to heat transfer in the structure of the elements and the entire layer of combustible plant material. The features of heat transfer will affect the evolution of the evaporation front during high-temperature exposure to radiation from a forest fire [62, 63] . As a result, this affects the forest fire maturity of the grass cover area and its readiness for ignition by radiant heat flux or a burning particle from the front of a forest fire. Accordingly, the process of heat transfer will affect the probability of igniting vegetation under conditions of exposure to a forest fire or an agricultural fire [64, 65] .
The next stage is the pyrolysis of dry organic matter [66, 67] . The characteristics of heat transfer in the layered structure of the stem of a herbaceous plant also affect the temperature distribution along the stem. As a consequence, this affects the intensity of the thermal decomposition of dry organic matter and the release of gaseous pyrolysis products [68] . This will affect the conditions needed for vegetation cover to ignite. On the other hand, it is important to understand that if the subsequent layer of the element of combustible plant material is not heated, then there is no possibility of beginning thermal decomposition in this zone. As a result, there is no fresh portion of gaseous combustible pyrolysis products for sustained combustion [69] . As a result, heat transfer has an impact on the probability of a forest fire and the scenarios for its further spread over the grass cover [70] .
In addition, differences in temperature in the layered structure of a herbaceous plant will lead to the fact that biomass residues will be in different stages of thermal degradation. As a result, there will be differences in the processes of their biological transformation and transition to the humus of the soil. There may also be observed different rates of microelement penetration in the upper soil layer in the post-fire period [71, 72] .
Summing up the general conclusions, it can also be said that direct contact of the stem of the plant with the soil leads to a slight heating of the lower layer of the stem, which contributes to the formation of a transitional zone between unburned vegetation and the zone of fire.
An analysis of the temperature distributions obtained by solving the problem with regard to the vertical structural inhomogeneity showed that a low temperature field is formed in these zones. The presence of precisely these morphological parts in the residual biomass in the transition zone between the conflagration and intact vegetation is most likely.
When exposed to radiant heat flux from the front of a forest fire, only the outer layers of the stem of a herbaceous plant are affected under certain conditions of high temperature:
• short exposure time (up to 3 s at q < 3 kW/m 2 ), • a large distance from the fire line (from 3 to 10 m depending on fire intensity), • low fire intensity (surface fires with a height of 0.5 m).
Model and approach limitations should be considered. This model is limited to simulation of the first important stage of forest or grassland fires, namely, the pre-heating phase of combustible plant material. This stage influences further fire development and should be studied separately from other fire stages. This model did not take into account moisture evaporation and thermal degradation of dry organic matter of fuel. Thus, this model did not take into account non-linear physical and chemical processes of drying and pyrolysis. However, it is impossible to carefully study these stages without a good understanding of the pre-heating phase caused by heat conduction in the inhomogeneous layered structure of the stems of herbaceous plants.
Conclusions
Thus, the problem of heat transfer in the morphological part of a herbaceous plant (stem) when exposed to radiation from a surface forest fire has been solved. The stem of a herbaceous plant was considered. The first case corresponded to a stem without a joint. The second case corresponded to a stem with a joint. Mathematical models of heat transfer in the stem of a herbaceous plant were developed, which take into account heat transfer due to conduction and radiant heating of the surface of the morphological part of the plant. As a result of numerical simulation, temperature distributions in a structurally inhomogeneous stem of a herbaceous plant were obtained for various scenarios of exposure to a forest fire. It was established that a field of low temperature is formed in the joint zone. Under certain conditions, only the outer layers of the stem are exposed to high temperatures. These areas of the stem are mainly composed of tissue formed by a protective skin. This will lead to the formation of a transition zone between the unburned layer of combustible material and the conflagration zone, where there will be remnants of unburned biomass. It can be argued that this will influence the processes of biological transformation of plant residues in this territory and the subsequent biochemical cycle [73] .
The presented mathematical models can be implemented in various geographic information systems for calculating heat transfer in elements of combustible plant material. Such GIS systems [74] [75] [76] can be used for mapping forest fuels and estimating the probability of occurrence and spread of forest fires. In addition, various satellite systems, both optical and radar, can be used in conjunction with GIS systems [77, 78] . The software implementation can be performed using the ArcPy programming language, the Matlab computational modeling system, and the rapid application development environment RAD Studio together with Origin Pro software [79] [80] [81] [82] . The methodology for forest fire risk assessment can be based on developments in the field of complex risk assessment, which is used in industry [83, 84] . Program tools developed on the basis of the considered mathematical model can be applied for different problems in forest fire management, such as forest fire danger and spread prediction [85] , classification and mapping of wildland fuels [86] , analysis of fire regime [87] , operation in global vegetation models [88] , and prediction of grass mortality [89] .
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Appendix A
Appendix A.2. The Results of the Calculation Using the Model with a Joint
This section presents the results of a numerical study of the mathematical model of heat transfer in the stem, taking into account the joint, under the influence of radiation from a surface forest fire. 
Appendix A.2 The Results of the Calculation Using the Model with a Joint
This section presents the results of a numerical study of the mathematical model of heat transfer in the stem, taking into account the joint, under the influence of radiation from a surface forest fire. Figures A15-A28 show the temperature distribution for individual scenarios of the impact of the surface forest fire on the stem of a herbaceous plant. 
